Non-minimal hidden sectors are an important generic possibility and arise in highly motivated theories like Neutral Naturalness. A fraction of dark matter could therefore have hidden interactions analogous to Standard Matter (SM) electromagnetism and nuclear physics. This leads to the formation of Mirror Stars: dark-sector analogues of regular stars that shine in dark photons. We examine the visible signatures of Mirror Stars in observations for the first time. If the dark and visible photon have a small kinetic mixing, SM matter is captured in Mirror Star cores, giving rise to an optical signal similar to but much fainter than white dwarfs, as well as a separate X-ray signal that represents a direct window into the Mirror Star core. This robust and highly distinctive signature is a smoking gun of Mirror Stars and could be discovered in optical and X-ray searches.
1. Introduction -The Standard Model (SM) is a highly non-minimal theory, with many different particle species, interactions, and mass scales giving rise to the complexity of our visible universe. All or part of Dark Matter (DM) may be similarly complicated, and indeed this possibility arises in a variety of fundamentally motivated models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is hence vital to study the signatures of Dark Complexity.
Recent years saw significant progress in the study of next-to-minimal examples, like DM with additional interactions or a small number of states [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , but these approaches are limited in the variety of phenomena they can explore. On the other hand, the study of more complicated dark sectors [2] [3] [4] [5] [6] [7] [8] [9] [10] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] is made daunting by the sheer multitude of possibilities and the difficulty of making physical predictions. Our approach will be the study of dark sectors that are related (but not identical) to the SM by some symmetry. This allows us to derive physical predictions with guidance from known physics, while providing a starting point to understand the signals of true Dark Complexity.
A suitable and highly motivated benchmark model is the asymmetrically reheated incarnation [46, 47] of the Minimal Twin Higgs (MTH) [1] , which solves the little hierarchy problem without colored top partners, and predicts a mirror sector that is a copy of the SM with a mirror Higgs VEV v B a few times higher than the visible Higgs VEV v A . The rich cosmological signatures of this scenario, including effects of an asymmetric relic density of mirror baryons on Large Scale Structure, were recently explored [2] . The similarities between SM matter and mirror matter also make it clear that the mirror matter could cool and clump in our galaxy [48] , leading to the formation of Mirror Stars (MS) that fuse mirror nuclei and shine in mirror photons.
The possibility that some fraction of DM could form Mirror Stars is both extremely intriguing and quite general for a complex dark sector, requiring only a massless * dcurtin@physics.utoronto.ca † jsetford@physics.utoronto.ca dark photon (along with e.g. an early temperature asymmetry between the dark and visible sectors to avoid CMB constraints [49] ) and some processes analogous to nuclear physics. The idea of Mirror Stars has been discussed in the context of Mirror-DM models [36, 37] [50] , which is expected to exist because it cannot be forbidden by symmetries, is dynamically generated in many UV-completions, and violates no cosmological constraints for 10 −9 [2, 51] . Indeed, small values of ∼ 10 −13 − 10 −10 are well motivated in the MTH model [52] .
In this letter we show how to analytically estimate these signals of Mirror Stars, with a more detailed calculation presented in a companion paper [53] . We find that Mirror Stars capture SM matter in their cores. This "SM nugget" gets heated up to T ∼ 10 4 K by 2 -suppressed interactions with the mirror matter, giving rise to an optical signal similar to but much fainter than standard white dwarfs. We also show for the first time that mirror Thomson conversion allows thermal dark photons from the Mirror Star core to be converted to visible X-rays that escape the nugget, providing a direct window into the MS interior. This double signature is extremely distinctive and can be discovered in optical and X-ray searches [54] The question of how the detailed properties and distribution of Mirror Stars follow from the details of the dark sector is highly non-trivial, and we will explore it in future work. In this letter we instead study a simplified scenario where the dark sector, making up a subdominant fraction of DM, contains mirror quarks, leptons, and gauge forces that are perfect copies of their SM analogues. Standard stellar evolution codes can then be used to compute the properties of some benchmark Mirror Stars, see Table I . This allows us to develop our calculation of the Mirror Star signal, which is then readily applicable to Mirror Stars that arise in theories of Neutral Naturalness [1, 55] or more exotic dark sectors.
2. SM Baryon Capture in Mirror Stars -In the presence of a small dark photon mixing, the MS captures SM material from the Interstellar Medium (ISM) that accumulates in its core. We need to determine both the size and the properties of this "SM nugget". Capture proceeds via interactions of ISM SM baryons with the Mirror Star matter (mirror capture) as well as already captured SM matter (self-capture). The following calculation is very analogous to the problem of dark matter capture in the sun, see e.g. [10, [56] [57] [58] .
Mirror capture is determined by the Rutherford scattering cross section, see Fig. 1 (left):
where v is the relative incoming velocity, m T is the mass of the target nucleus, and E R is its recoil energy. We can treat the entire ISM as ionized, since incoming atoms falling onto the gravity wells of our benchmark stars are fast enough to make the effect of atomic form factors small. The SM nugget as a whole will always neutralize by attracting electrons from the ISM as needed. The capture calculation is standard [10, [56] [57] [58] , for more details see [53] . A very useful approximation in our scenario is that the Mirror Star escape velocity v esc (around 600 km/s for the 1 M sun benchmark) is much larger than the relative velocity u of the ISM to the Mirror Star, which we take to be u ≈ 20 km/s from the velocity dispersion of stars and gas in our local stellar neighbourhood [59, 60] . As long as the hierarchy between mirror and SM nuclear masses is less severe than
, the final result for the mirror capture (denoted by m superscript) is independent of v esc :
for each incoming species i, where n ISM i is the local ISM density of the incoming species, N j is the total number of scattering targets of species j, m i and Z i are the mass and nuclear charge of the relevant species, and the sum is over different target species in the Mirror Star. The expression for self-capture rate dN If the capture rate is so large that every incoming particle is captured, capture become geometric, i.e. the cross section is given by the physical size of the target. The geometric capture rate is independent of the scattering cross section, and is given approximately by [10] 
where R is the radius of the capture region (size of Mirror Star/SM nugget for mirror/self capture) and v esc is the escape velocity (averaged over the Mirror Star/SM nugget for mirror/self capture). For our benchmark Mirror Stars and range of , self-capture becomes geometric very quickly in much less than 10% of the stellar lifetime, making it -independent, while mirror capture is never geometric, scaling with 2 , see Table I . Self-capture becomes comparable to mirror capture for ∼ 10 −11 in all our benchmarks.
The radius of the SM nugget can be estimated from the virial theorem, equating its gravitational potential energy with its thermal kinetic energy:
T SM is the average temperature of the nugget, ρ mirror is the density of mirror matter at the core of the MS, and µ SM is the average mass of captured SM particles. We therefore need to know the temperature of the captured matter to know the geometric self-capture rate. As we show in Section 4, this temperature is always in the range of 4000 − 7000 K for the benchmark stars we consider. This temperature is much lower than T core due to the 2 suppression of heat transfer compared to the unsuppressed cooling by bremsstrahlung emission, and is in the range 10 4 K since that is where ionization and hence cooling efficiency increases sharply with temperature. The modest dependence of r virial on T SM makes T SM ≈ 6000K is a good ansatz to estimate the selfcapture rate. It is easy to solve consistently for the capture rate and temperature, but our ansatz is sufficient to estimate signal to better than a factor of 2.
With the capture rate determined, we assume that the total amount of captured material is, on average, given by simply multiplying that rate by half the MS main sequence lifetime. Note that we ignored evaporation of SM matter from the nugget in this simple estimate. In [53] we show that this is a valid assumption, since only freshly captured H or He nuclei have enough velocity to be kicked out of the gravity well by collisions with thermal mirror ions, but such collisions have such low probability that most SM nuclei settle into the nugget before evaporating.
3. Optical Depth -The properties of the SM nugget depend on its optical depth to SM photons in three frequency ranges, which in turn depend on the density and temperature of the nugget.
The nugget is optically thick to photons with the correct energy to ionize atoms [67] . This means that we can use Saha's equation to compute the ionization of the SM nugget, and that cooling via inter-atomic collisional processes can be neglected.
For most of the cases we consider, the nugget is optically thin for photons far below the ionization threshold, allowing it to cool via bremsstrahlung processes. For higher densities and temperatures closer to 10 4 K, the larger degree of ionization means the nugget can become optically thick due to free-free absorption [66] .
In that case the nugget cools as a black body from surface emission. We discuss this in more detail in [53] , but the final expected MS signal will not differ greatly from the optically thin case, since the total luminosity, determined by the heating rate, remains the same.
The optical depth of the nugget to X-ray frequencies far above the ionization threshold is relevant to determine the size of the X-ray signal. X-rays will scatter (almost) elastically from atoms and free charges alike, and can be absorbed in photoionization. We discuss this in Section 5 when calculating the X-ray signal.
Finally, in order for the SM nugget to be observable, the Mirror Star has to be optically thin to SM photons. This is certainly the case for most benchmarks we consider, though there is some attenuation of the optical signal at low frequencies due to free-free absorption in the fully ionized MS mirror matter for 10 −10 . For details, see [53] . We neglect this effect in the present analysis for simplicity since it does not affect our conclusions.
4. Bremsstrahlung Cooling Signal -We assume that the SM nugget is a sphere of constant density, with radius given by Eqn. (4). The nugget is heated via collisions of SM atoms (the ionized fraction will be very small) with mirror ions in the core. Since the nugget is much colder than the core, we can treat the SM atoms as being at rest. The relative velocity with mirror ions v rel is sampled from the thermal distribution of the mirror nuclei, but a good approximation is to set it to the thermal average 3T mirror /m mirror , with m mirror being the average mirror nuclear mass. We then compute the average energy transfer given the momentum dependence of the ion-atom scattering cross section, which is given by Eqn. 1 with the replacement E R → E R +(2m T a 0 ) −2 [68] :
where a 0 is the SM Bohr radius, SM stands for SM H or He, µ is the reduced mass of the atom and colliding mirror ion, and
Since the nugget is much smaller than the Mirror Star, n mirror and T mirror can be taken to be their values at r = 0, so the total collisional heating rate is trivially obtained by n SM → N SM .
Conversion of mirror photons into SM X-ray photons, discussed in Section 5, can be a source of heating if the X-rays are absorbed by the nugget before escaping. However, X-ray heating is always subdominant to collisional heating, so we can neglect it in our estimates.
The collisional heating rate, and hence the total luminosity of the nugget in optical/thermal frequencies, is independent of the temperature of the nugget. However, the shape of the emission spectrum does depend on temperature. We solve for T SM , by equating the heating power to the total cooling power assuming bremsstrahlung cooling of an optically thin medium [66] ,
where g f f T is the frequency averaged free-free Gaunt factor at temperature T (close to unity in our case). Selfconsistently assuming the ionization to be small, the solution to Saha's equation for pure hydrogen (similarly with helium) takes the simple form
where ω 0 is the ionization energy. We see that n e n i ∝ n SM , which drops out when equating heating and cooling rates. The equilibrium temperature of the SM nugget is therefore independent of density, and our approximation of constant nugget density drops out of the temperature calculation. Solving for T SM as a function of for each MS, we verify our original claim that the temperature of the nugget lies in the range 4000 − 7000 K. In Figure 2 we plot the emission spectra of the nugget for different values of [69] . The shape of the spectrum is flat for low frequencies, which is characteristic of bremsstrahlung emission [66] .
5. X-ray Conversion signal -Mirror photons in the MS core can undergo elastic "Thomson conversion" to a SM photon off electrons or nuclei in the nugget, γ D + e/N → γ + e/N , see Fig. 1 (right) . These X-rays can escape the nugget and lead to an observable signal that directly probes the Mirror Star interior, revealing for example the core temperature. As far as we are aware, this is the first time this conversion signature has been discussed in the context of Mirror Stars.
For T core far above SM atomic binding energies, Thomson conversion proceeds identically for both bound and free SM electrons/nuclei. The conversion rate depends on the Thomson scattering cross section, which is frequency independent. Therefore the spectrum of converted Xrays will match the mirror photon spectrum in the core, well approximated by a black body with temperature T core . The conversion power per unit volume is
where B ν is the Planck spectral radiance function for a black body and σ thoms is the Thomson scattering cross section. This gives the familiar T 4 core dependence when integrated over all frequencies.
Converted X-rays have a chance of ionizing neutral atoms and being absorbed. They also lose on average ∆E γ = E 2 γ /m worth of energy in each scatter with a free electron or nucleus of mass m. In computing the X-ray spectrum emitted by the nugget we have to account for both absorption and energy loss. We do not solve a full diffusion equation for the escaping X-ray photons, but we can estimate the total escaping X-ray power as follows:
In this expression, ν i represents the frequency of a photon when it first converts, while ν f is its energy after N scat scatters: ν f = ν i m/(ν i N scat + m). λ abs,scatter are the mean free paths for absorption or Thomson scattering computed at the starting point. The Heaviside function accounts for absorption, and ensures that photons do not contribute to the signal if they must travel further than the absorption path length before escaping the nugget, the absorption path length being a function of frequency. The number of scatters required for the photon converting at position r to escape is estimated by assuming the photon must random walk a distance R nugget − r, leading to N scat = (R nugget − r) 2 /λ 2 scatter . Assuming the nugget has a constant density profile yields the X-ray contributions to the emission spectra of Figure 2 , agreeing to better than a factor of 2 with a more realistic profile [53] .
6. Discussion and Conclusions -We summarise our results in Figure 3 , plotting the luminosity and characteristic temperature of both the thermal and converted X-ray Mirror Star signatures on a Hertzsprung-Russell diagram. Mirror Stars look spectacularly alien compared to standard astrophysical expectations: the optical signal is similar to that of a white dwarf but typically orders of magnitude too faint in absolute luminosity to be compatible with its high temperature. This could be discovered in full-sky surveys like Gaia [70] out to the distances indicated by blue lines (which also provides a parallax measurement to determine absolute luminosity). The discovery of such faint Mirror Star candidates would prompt extremely detailed study with an X-ray observatory: Chandra could see the X-ray signal roughly out to distances indicated by green lines with an exposure equal to the Hubble Deep Field North [71] . Detection of this black-body-like X-ray signal would be a true smoking gun of Mirror Stars and provide a direct window into their interior, allowing measurement of the core temperature and perhaps even aspects of mirror nuclear physics via detailed study of spectral features. This is also true for higher 10 −10 , where Mirror Stars might appear similar to white dwarfs, providing additional motivation to study them with X-ray observations, see also [72] .
The methods we present here and in [53] can be readily applied to the signatures of Mirror Stars arising in more realistic hidden sectors, like those arising in Neutral Naturalness [2, [46] [47] [48] . The optical luminosity scales with the photon kinetic mixing, as well as the size and age of the MS; the SM nugget temperature is roughly set by SM ionization energies; and the X-ray signal depends mostly on the core temperature. Our more detailed analysis [53] also considers mirror-helium-rich Mirror Stars and treats the optically thick regime as well as absorption of optical SM photons in the MS more carefully [73] , but this does not affect our conclusions or greatly change the lessons of Figure 3 .
We have shown that Mirror Star signals are highly distinctive and robust. They arise in well-motivated theories that may not show up in collider measurements. This makes dedicated searches for Mirror Stars a new frontier in DM detection with completely untapped discovery potential, and an opportunity we cannot afford to miss.
